ATP-dependent proteases control the concentrations of hundreds of regulatory proteins and remove damaged or misfolded proteins from cells. They select their substrates primarily by recognizing sequence motifs or covalent modifications. Once a substrate is bound to the protease, it has to be unfolded and translocated into the proteolytic chamber to be degraded.
ATP-dependent proteases control the concentrations of hundreds of regulatory proteins and remove damaged or misfolded proteins from cells. They select their substrates primarily by recognizing sequence motifs or covalent modifications. Once a substrate is bound to the protease, it has to be unfolded and translocated into the proteolytic chamber to be degraded.
Some proteases appear to be promiscuous, degrading substrates with poorly defined targeting signals, which suggest that selectivity may be controlled at additional levels.
Here we compare the abilities of representatives from all classes of ATPdependent proteases to unfold a model substrate protein and find that the unfolding abilities range over more than two orders of magnitude. We propose that these differences in unfolding abilities contribute to the fates of substrate proteins and may act as a further layer of selectivity during protein destruction.
Energy-dependent proteolysis is responsible for more than 90% of the protein turnover inside the cell (1). This process both removes misfolded and aggregated proteins as part of the cell's response to stress and controls the concentrations of regulatory proteins (2, 3) . In prokaryotes and eukaryotic organelles, energydependent proteases fall into five classes: ClpAP, ClpXP, Lon, HslUV (also referred to as ClpYQ) and HflB (also referred to as FtsH). In archaea, analogous functions are performed by the archaebacterial proteasome, consisting of the proteasome-activating nucleotidase (PAN), working with the 20S proteasome (4); in the cytoplasm and nucleus of eukaryotes, these same functions are performed by the 26S proteasome (5) . These different proteases show little sequence conservation outside the ATP-binding domains, but they share their overall architecture. They all form oligomeric, barrel-shaped complexes composed of one or more rings with the active sites of proteolysis sequestered inside a central degradation chamber (6) . Access channels to these sites are narrow, and proteins have to be unfolded to gain entry (6) . Regulatory particles belonging to the AAA family of molecular chaperones assemble on either end of the proteolytic chamber and recognize substrates destined for degradation. After recognition, the regulatory particles translocate the substrate through a central channel to the proteolytic chamber and in doing so unravel folded domains within the substrate. Translocation and unfolding are driven by ATP hydrolysis by the regulatory particles, with conformational changes in the protease transmitted to the substrate by conserved residues in the loops lining the channel (7) (8) (9) (10) .
Protein degradation by AAA proteases is regulated tightly. Most proteins are targeted to ClpAP, ClpXP, HslUV, Lon, HflB and PAN by sequence motifs in their primary structure (11) (12) (13) (14) (15) (16) (17) . Sometimes, adaptor proteins recognize and bind sequence elements in substrates and deliver them to the protease, whereas other times the protease recognizes sequence elements directly (18, 19) . In contrast, proteins are typically targeted to the 26S proteasome through the covalent attachment of polyubiquitin chains (20) . Thus, substrates appear to be selected for degradation based on the presence of specific recognition elements in the protein substrates.
However, other mechanisms may also affect the specificity of degradation by prokaryotic proteases. Individual proteases recognize a wide range of targeting signals (11, 16 ) (e.g., E. coli ClpXP recognizes sequences belonging to five distinct classes of consensus sequences (11) , and ClpAP, Lon and FtsH can bind to unstructured regions in proteins with a wide range of amino acid sequences (21) (22) (23) ). One illustration of the loose specificity in targeting signals is the ability of a mitochondrial presequence to target proteins to the proteases ClpAP (24) and HslUV in vitro (see below). In addition, substrates are commonly acted upon by several different proteases in E. coli. For instance, proteins containing the elevenresidue ssrA peptide at their C-termini can be recognized by ClpAP, ClpXP, FtsH, Lon and the archaebacterial proteasome (4, (25) (26) (27) . Similarly, some substrates of Lon can be degraded by HslUV in vivo (28) .
It is not clear how degradation remains selective despite the loose specificity of targeting signals. We propose that the intrinsic protein unfolding ability of AAA proteases and the stabilities of substrates against unfolding play a role in determining the fate of cellular proteins. For example, ClpXP releases hard-to-unfold substrates when it encounters them and degrades destabilized titin variants 20-fold faster than wildtype titin (29) . The membrane bound AAA protease FtsH has a weak unfolding ability, which allows this protease to act selectively on damaged and unfolded polypeptides (30) . Here, we find that the relative unfolding abilities of ATPdependent proteases vary more than 100-fold and that the unfolding abilities of proteases belonging to the same class but originating from different species appear to be conserved. The unfolding abilities also seem to be intrinsic properties of the proteases themselves rather than other cytosolic factors, such as chaperones.
Differences in protease unfolding abilities may contribute to substrate selectivity during protein degradation. For example, expression of a protease with a weak unfolding ability during a stress response could allow the selective elimination of unfolded, misfolded or otherwise aberrant proteins and spare stable proteins from destruction (30) .
Experimental Procedures
Substrates. Protease substrates contained domains derived from B. amyloliquefaciens barnase (31), B. amyloliquefaciens barstar (32), E. coli DHFR (33) , E. coli chemotaxis response regulator CheY (34), or mouse DHFR (35) . N-terminal targeting signals for ClpAP or HslUV consisted of 65 amino acid extensions derived from the signal sequence of yeast cytochrome b 2 (36) , for PAN/20S of the first 65 residues of barnase, for ClpXP of the first 18 residues of the bacteriophage protein λO (37), and for Lon of the first 40 amino acids of the E. coli protein UmuD, a subunit of DNA polymerase V.
C-terminal targeting signals for ClpAP, ClpXP, FtsH and PAN/20S contained the 11-residue ssrA peptide (15) , and for Lon and HslUV the E. coli cell division inhibitor protein, SulA (169 amino acids) (38) .
The 26S proteasome substrates were targeted using N-or C-terminal fusions of the first 60 amino acids of the yeast Sic1 protein (39) , which was in vitro ubiquitinated as described below. In addition, a hexahistidine tag and a Strep (II)-tag were appended to the termini to aid in purification. The simple sequence repeats are the same as those used previously for 26S proteasome degradation experiments (40) . All constructs were made using standard molecular biology techniques in pGEM-3Zf (+) (Promega) or pET-3a (Novagen) vectors and verified by DNA sequencing.
Radioactive fusion proteins were expressed from a T7 promoter by coupled in vitro transcription and translation in a reticulocyte extract (Promega), supplemented with [
35 S] methionine and proteins were partially purified by high-speed centrifugation and ammonium sulfate precipitation, as described (36) . For experiments using fully purified substrates, His-tagged fusion proteins were purified from the translation mix using Ni-NTA magnetic beads (Qiagen) following standard protocols as provided by the supplier.
26S proteasome substrates were expressed in Rosetta (DE3)pLysS E. coli (Novagen) in EZ Rich Defined Media lacking methionine (Teknova) supplemented with 35 S methionine and cysteine. After cell lysis, protein was purified on Ni-NTA and then on Streptactin resins using standard protocols (Qiagen), leading to single band on a Coomassie-stained gel. The substrates were then in vitro ubiquitinated at 25 ˚C for 2-3 hours in a reaction mixture containing 25 mM Tris-HCl pH 7.5, 50 mM NaCl, 4 mM MgCl 2 , 1 µM DTT, 83 nM yeast E1 (Boston Biochem), 1 µM recombinant UbcH5a (Boston Biochem), 1.9 µM purified Rsp5 (39), 0.33 mg/ml ubiquitin, an ATP regeneration system consisting of 40 mM creatine phosphate, 0.4 mg/ml creatine kinase and 4 mM ATP, and ~1 µM substrate ( Supplementary  Fig. 4) .
Proteases. E. coli ClpA and ClpX clones were a gift of Dr. Michael Maurizi (NIH). ClpA was purified as described (41) .
ClpX was expressed in BL21 (DE3) cells. After sonication and centrifugation, the soluble fraction was ultracentrifuged for 1 hour at 100,000 x g to remove membranes and cell debris, and the resulting soluble fraction was precipitated by adding (NH 4 ) 2 SO 4 to 40%.
The pellet was resuspended and applied to a phenyl sepharose CL-4B column (Sigma) equilibrated with buffer PS-A (50 mM phosphate buffer, pH 7.5, 2 mM DTT, 10% glycerol, 0.5 M (NH 4 ) 2 SO 4 ). ClpX eluted halfway through a 100 -0 % (NH 4 ) 2 SO 4 gradient.
Fractions containing ClpX were dialyzed, applied to a Q-Sepharose column (GE Biosciences), and eluted with a 0.1 -1.0 M KCl gradient in buffer QS (50 mM Tris-HCl pH 8, 5 mM MgCl 2 , 5 mM DTT, 10% glycerol). Fractions containing ClpX were loaded on to a Mono Q column (GE Biosciences) and eluted with a 0.1 -0.5 M KCl gradient in buffer MQ (50 mM Tris-HCl pH 8, 5 mM MgCl 2 , 5 mM DTT, 10% glycerol). Eluates were estimated to be at least 90% pure by SDS-PAGE. ClpP was purified as described (41) . H. influenzae HslUV in pRSET-B was a gift of Dr. David McKay (Stanford University). HslU and HslV were co-expressed in BL21 (DE3) pLysS cells for 2.5 hours at 37 °C after induction with 1 mM IPTG. Soluble lysate was applied to a Q-sepharose column (GE Biosciences) in 10 mM Na 2 PO 4 pH 7.0, 5 mM MgCl 2, 1 mM DTT, 1 mM ATP, 10% glycerol and eluted with a 0.1 to 0.4 M KCl gradient. Eluates containing both HslU and HslV were pooled and precipitated in 70% saturated (NH 4 ) 2 SO 4 . The protein complex was further purified by gel filtration using a S-200 column (GE Biosciences).
Eluates containing HslUV were pooled and applied to a Mono Q column (GE Biosciences) in 10 mM Na 2 PO 4 pH 7.0, 5 mM MgCl 2 , 1 mM DTT, 1 mM ATP, 10% glycerol and eluted with a 0.1 to 0.4 M KCl gradient. HslU and HslV were assessed >95% pure by SDS-PAGE. E. coli HslUV was PCR amplified from E. coli strain DH5α, cloned into pRSET-B and expressed and purified as described for H. influenzae HslUV. FtsH was purified as described previously (30) . Clones of M. jannaschii PAN and T. acidophilum 20S were a gift of Dr. Christopher Hill (University of Utah). PAN and 20S were purified essentially as described (42) . E. coli Lon was purified using a hexa-histidine tag attached to the C-terminus. Lon was PCR amplified from E. coli strain DH5α, cloned into plasmid pQE-60 (Qiagen) and expressed in M15 cells. The expressed protein was purified as described (43) . C-terminally hexahistidine tagged mitochondrial Lon was expressed from plasmids in S. cerevisiae (43) , mitochondria were isolated from S. cerevisiae as described previously and the histidine tagged Lon was purified using previously published protocols. Yeast proteasome was purified as described previously (39) .
Degradation assays. Experiments were performed at 30
°C unless otherwise noted. Protease was in excess of unfoldase (except for HslUV, where HslU and HslV were copurified as a 1:1 complex) to prevent free unfoldase, and 26S proteasome, which was purified as an intact complex.
ClpAP degradation assays were performed in a total of 50 µl Clp degradation buffer (50 mM Tris-HCl, pH 7.5, 100 mM KCl, 0.02% Triton X-100, 20 mM MgCl 2 ). 25 µl of substrate protein produced by in vitro translation (see above) were ammonium sulfate-precipitated and resuspended in 25 µl pre-warmed degradation buffer. Degradation reactions were started by the addition of 10 µl substrate to 40 µl pre-warmed degradation buffer containing 4 mM ATP, 1 mM DTT, 20 mM creatine phosphate, 0.1 mg/ml creatine kinase, and either 0.1 µM ClpA 6 / 0.2 µM ClpP 14 for the N-terminally targeted substrates or 0.2 µM ClpA 6 / 0.4 µM ClpP 14 for the Cterminally targeted substrates. Methotrexate (100 µM) was included in the reaction as indicated. At designated times; 4 µl samples were transferred to 35 µl SDS-PAGE sample buffer to stop proteolysis. Samples were analyzed by SDS-PAGE and electronic autoradiography. ClpXP degradation assays were performed under the same conditions as ClpAP degradation assays, except using 0.3 µM ClpX 6 and 0.8 µM ClpP 14 . HslUV degradation assays were performed similarly to ClpXP degradation assays, but in 50 µl HslUV degradation buffer (25 mM Tris-HCl, pH 7.8, 150 mM KCl, 5 mM MgCl 2 ) with 0.05 µM HslU 6 V 6 . Lon degradation assays were performed in a total of 50 µl Lon assay buffer (20 mM TrisHCl pH 8, 20 mM MgCl 2 ) with 0.1 µM Lon 6 for both N-terminal and C-terminal targeting signal. HflB degradation assays were performed as described (30) . PAN/20S degradation assays were performed in 50 µl degradation buffer (50 mM Tris-HCl, pH 7.5, 100 mM KCl, 20 mM MgCl 2 ) with 0.2 µM PAN 6 / 0.4 µM 20S 14 . The 26S proteasome degradation assays were conducted using purified yeast proteasome essentially as described previously (44) . Degradation was in 50 mM Tris-HCl pH 7.5, 5 mM MgCl 2 , 5% glycerol, 5 mM ATP, 25 mM creatine phosphate, 0.1 mg/ml creatine kinase, 10 µM α-casein (to inhibit free 20S proteasome), 2 mM DTT, 10-80 nM proteasome, and 1-10 nM ubiquitinated substrate (with proteasome in excess of substrate).
ATPase assay. ATPase rates were measured by a coupled pyruvate kinase-lactate dehydrogenase assay (45, 46) in the presence of 100-fold excess of α-casein. The concentration of the complexes carrying the proteolytic sites were set at 15-fold molar excess over the concentration of the ATPase complexes (ranging from 0.05 to 1 µM) for ClpAP, ClpXP, HslUV and PAN/20S so that measurements reflected the ability of the ATPase-protease complex, not the free ATPase subunits (47) . Reactions were performed in 50 mM HEPES, pH 7.5; 50 mM KCl, 5 mM MgCl 2 , 100 µM DTT, 200 µM NADH, 1 mM PEP, 20 µg/ml lactate dehydrogenase and 23 µg/ml pyruvate kinase. Reactions (50 µl) were performed in triplicate at 30 °C .
Results
Sequential degradation by AAA proteases. The ATP-dependent proteases ClpAP, ClpXP, PAN/20S and the eukaryotic 26S proteasome can unfold and degrade many stable proteins (24, (48) (49) (50) (51) (52) (53) . In contrast, FtsH lacks a robust unfolding ability, and degradation by FtsH depends on spontaneous unfolding of its substrate proteins (30) . These observations suggest that AAA proteases differ in their intrinsic abilities to unfold proteins. We propose that these differences may affect whether a protein with an appropriate targeting signal can be degraded. To compare the unfolding abilities of the various ATP-dependent proteases, we first tested whether their basic mechanisms of degradation are similar.
ClpAP, ClpXP, FtsH, Lon and the eukaryotic 26S proteasome unfold and degrade their substrates sequentially along the substrates' polypeptide chains, starting from the targeting signal (24, 30, (54) (55) (56) (57) . Sequential degradation can occur in either N-to C-or C-to N-terminal direction (53, 58, 59) , depending on the location of the targeting signal. We find that representatives from the remaining families of ATP-dependent proteases, namely the archaebacterial proteasome (PAN/20S) and HslUV, function similarly. We came to this conclusion by following the degradation of two-domain model substrates consisting of B. amyloliquefaciens ribonuclease barnase and mouse dihydrofolate reductase (DHFR) as well as either an N-terminal or Cterminal targeting tag ( Fig. 1; Supplementary  Fig. 1 ). PAN/20S and HslUV degraded these substrates in an ATP-dependent and tag-specific manner (data not shown). Degradation of DHFR is inhibited when protein unfolding is prevented by the tightly-binding ligand methotrexate (K D = 9.5 nM for methotrexate and DHFR (60)) ( Fig.  1b-e) . Stabilizing DHFR by methotrexate in a substrate in which DHFR is inserted between barnase and the degradation tag protected both the DHFR and barnase from degradation and the fusion protein remained stable (Fig. 1c, e) . In contrast, when barnase was inserted between the degradation tag and DHFR, stabilizing DHFR no longer protected the barnase domain. Instead, the reaction yielded a partially degraded product (Fig.  1b, d ). Hence, we conclude that these proteases degrade their substrates sequentially in either an N-to C-or C-to N-terminal direction, starting from the targeting signal.
Relative unfolding abilities of AAA proteases. To compare the unfolding abilities of AAA proteases, we again followed the degradation of model proteins composed of appropriate targeting signals followed by a barnase and then a DHFR domain (Fig. 2a) . The barnase domain was destabilized by mutagenesis in some experiments so that all proteases were able to unfold and degrade the domain completely. The stability of the DHFR domain was adjusted by changing assay temperature or by replacing mouse DHFR with the more stable E. coli DHFR (∆G unfolding = 6.1 kcal mol -1 for E. coli DHFR and ∆G unfolding = 4.4 kcal mol -1 for mouse DHFR (61, 62) ). Thus, as the proteases encountered the DHFR domain, some of the time they would succeed in unfolding the DHFR domain and degrade the substrate completely, and some of the time they would fail to unfold the DHFR domain and the remainder of the substrate would dissociate to yield a partially degraded substrate (Scheme 1).
The simplest mechanism for this reaction is described by scheme 1, where S represents the two-domain substrate consisting of barnase and DHFR, E is the protease, S.E is the substrate protease complex, I is the substrate intermediate containing folded DHFR domain, P is the product (i.e., peptides), k deg is the rate constant by which the intermediate I is degraded to peptides, k rel is the rate constant with which the intermediate dissociates from the protease, and k -rel is the rate constant with which the intermediate rebinds the protease. By the time that the proteases encounter the DHFR domain, the targeting signals have already been degraded. Thus, the intermediate, once released, cannot be retargeted to the protease (i.e, k -rel is negligible) and instead accumulates as a fragment. Indeed, the amount of fragment formed did not change with protease or substrate concentrations as expected in the absence of rebinding (Fig. 2d, Supplementary Fig. 2 and data not shown).
The amount of partially degraded intermediate formed relative to the total amount of substrate is a measure of the processivity of a protease and is determined by the ability of the protease to unfold the DHFR domain. A protease with a weak unfolding ability will more often fail in degrading the domain and more intermediate will accumulate. Conversely, a protease with stronger unfolding ability will more often succeed in degrading the domain and less intermediate will accumulate.
To compare the unfolding abilities of different proteases, it is convenient to define a processivity ratio U as the ratio of complete degradation to partial degradation given by the ratio of the rate constants k deg /k rel (as defined in Equation 1). This ratio U ranges from zero to infinity with increasing processivity of the protease, and is related to the difference in activation energy between the degradation and release pathways (∆∆G U ; Equation 2). None of the proteases investigated here are able to unfold and degrade DHFR bound to methotrexate, and in the presence of the ligand all natively folded substrate that is targeted to the protease is converted into the intermediate. Therefore, the processivity ratio U can be calculated from the amount of intermediate accumulating in the presence and absence of methotrexate as follows: Figure 3) . Similarly, the processivity of purified Lon and Lon inside mitochondria coincides (see below). Thus, we conclude that the measured processivity ratios determined for different proteases acting on the same substrate can be used to compare the abilities of these proteases to unfold proteins.
Processivity ratios above 9 and below 0.1, corresponding to 10% and 90% formation of I, are prone to experimental error; therefore, we adjusted
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http://www.jbc.org/ Downloaded from the stability of the DHFR domain as described above to obtain processivity ratios between 9 and 0.1. The processivities or unfolding abilities of two proteases can then be compared directly only for the same substrates under identical reaction conditions. To compare proteases with very different unfolding abilities it is necessary to compare them each to a third protease under appropriate conditions. The comparisons can then be made by scaling using pair-wise comparisons made under identical conditions. ATP-dependent proteases vary substantially in their ability to unfold model proteins. We first compared protease unfolding abilities for substrates targeted through C-terminal signals (Fig. 2, Table 1 ). In these constructs, the DHFR domain is located at the N-terminus of the substrate, followed by the barnase domain and the C-terminal targeting signal (Fig. 2a) . Strikingly, the unfolding abilities of the proteases differed by more than two orders of magnitude (Fig. 2g) . Among the bacterial proteases, ClpAP was the strongest (U = 1.3 ± 0.1 for the more stable E. coli DHFR at 30 ˚C), followed by ClpXP (U = 0.4 ± 0.1) and HslUV (U = 0.1 ± 0.03). Lon exhibited a weak unfolding ability (U ≅ 0) and, as expected (30) , FtsH failed to degrade wild-type DHFR even at elevated temperatures ( Table 1) . The archaebacterial proteasome PAN/20S showed an unfolding ability comparable to ClpXP (U = 0.3 ± 0.1) but the eukaryotic 26S proteasome exhibited a greater unfolding ability than any of the prokaryotic proteases (U > 9; see below and Supplementary Figure 4) . Thus, ATP-dependent proteases have substantially different unfolding abilities.
An earlier study demonstrated that ClpXP and HslUV have maximum rates of degradation at different temperatures, 37 ˚C and 55 ˚C, respectively (63) . We find that the unfolding abilities of all proteases tested are approximately two-fold greater at 37 ˚C than at 30 ˚C (Table 1) , presumably at least partially because the substrate domains are less resistant to unfolding. The hierarchy of unfolding abilities and the relative differences among the proteases are the same at the two temperatures tested ( Table 1) .
To compare the unfolding abilities of AAA proteases for degradation from the N-terminus, we followed proteolysis of substrates where the order of the targeting signal and the two folded domains was reversed. Thus, the proteases again encountered the DHFR domain after degrading the targeting signal and part of the barnase domain (Fig. 3 and Table 1 ). The observed unfolding abilities of the 26S proteasome, ClpAP, ClpXP, PAN/20S and Lon followed the same hierarchy as found for degradation from the C-towards the N-terminus. However, HslUV represented an exception. For degradation from the N-terminus, HslUV has the strongest unfolding ability of all the bacterial proteases, whereas for degradation from the C-terminus, HslUV is one of the weaker unfoldases and ranks below the other proteases, apart from FtsH and Lon, in unfolding ability. This observation suggests that HslUV unfolds proteins more effectively when degrading from the N-towards the C-terminus than in the opposite direction.
Conservation of unfolding ability between organisms. Next, we tested whether unfolding ability is conserved between homologous proteases from different organisms. For example, the amino acid sequences of HslUV from E. coli and H. influenzae are 80% identical and their unfolding ratios coincided (U = 0.1 ± 0.03 for E. coli protein and U = 0.12 ± 0.03 for H. influenzae protein). The amino acid sequences of Lon from S. cerevisiae and E. coli show only 33% overall sequence identity. Yeast mitochondrial Lon is considerably larger than prokaryotic Lon and possesses a 57 amino acid insertion between the ATP-binding and proteolytic sites (64, 65) . Nevertheless, the unfolding ratios of the two proteases also coincided within experimental error (U = 0.13 ± 0.04 for yeast mitochondrial Lon and U = 0.1 ± 0.05 for E. coli Lon using an E. coli DHFR-containing substrate at 37 ˚C).
The unfolding ability of mitochondrial Lon protease can also be assessed in an environment that is close to the physiological situation by importing the test substrates into purified yeast mitochondria. We found that the unfolding ability of Lon inside mitochondria also coincided with that of purified mitochondrial Lon acting on substrates purified from the in vitro translation reaction (U = 0.55 ± 0.08 inside mitochondria versus U = 0.60 ± 0.06 for purified Lon, respectively, measured for mouse DHFR constructs at 37 ˚C; Supplementary Figure 3) . Western blotting for Hsp78 and Hsp70 suggested that the purification by guest on September 1, 2017 http://www.jbc.org/ Downloaded from procedure removed these chaperones. Therefore, the measured unfolding abilities reflect an intrinsic property of Lon, not assistance in unfolding from mitochondrial chaperones.
In contrast, the unfolding ability of the eukaryotic 26S proteasome was significantly stronger than that of the archaebacterial proteasome (PAN/20S) for degradation from either direction (Fig. 2, 3 and Table 1 ). In the absence of methotrexate, the eukaryotic proteasome degraded its substrates completely and no DHFR containing intermediate accumulated to detectable levels (Supplementary Figure 4) , suggesting a U > 9. Thus, in degradation from the C-terminus, the 26S proteasome had the greatest unfolding ability of all the proteases tested. In degradation from the N-terminus, neither the eukaryotic proteasome nor HslUV produced fragments during degradation.
The archaebacterial proteasome is considered to be the evolutionary precursor of the eukaryotic 26S proteasome (66) . The ATPase subunits of the archaebacterial proteasome share 18-20% sequence identity (41-45% similarity) with the ATPases of the 19S particle of human and yeast proteasome (67) .
In the 20S core components, the β subunits share 20-25% identity (45-50% similarity), and the α subunits share 28-36% identity (48-54% similarity) between the two proteases (68) (69) (70) . Nevertheless, the two proteases differed greatly in their ability to unravel and degrade folded proteins, perhaps due to the additional components in the 19S particle of the yeast proteasome that are absent from the archaebacterial proteasome.
Sequence dependence of unfolding ability. The ability of an AAA protease to unfold proteins depends on both the rate with which the protease moves forward to unravel the domain (k deg in Scheme 1) and the rate with which the protease dissociates from its substrate when it encounters the domain (k rel in Scheme 1). In partially degraded intermediates, the last proteolytic cleavage occurs approximately 30 to 90 amino acids before the domain resisting unfolding, depending on the protease.
Thus, partial degradation leaves an undegraded tail (24, 29) , which presumably connects the folded DHFR domain at the entrance of the translocation channel to the proteolytic sites buried in the core of the protease.
The proteases interact with their substrates primarily through this tail because the targeting signals have already been degraded when the proteases reach the folded domain. Thus, changing the tail sequences in the substrates could change the proteases unfolding strengths, if the proteases have different affinities to their substrates.
To test this possibility, we replaced the barnase domain in the model substrates with two different proteins: the barnase inhibitor barstar and the E. coli chemotaxis protein CheY (Fig. 4a) . The sequences of these proteins are unrelated and they differ significantly in their chemical properties, such as hydrophobicity and net charge (data not shown). Nevertheless, the unfolding abilities of the different proteases were unaffected by the substrates' amino acid sequences (Fig. 4b) .
However, when the amino acid sequences of the substrates were changed more substantially, the unfolding abilities changed. For example, ClpAP degraded substrates containing mouse DHFR completely, but insertion of a glycine-rich region (GRR) of 95 residues before the DHFR domain led to the accumulation of a partially degraded fragment (Fig. 4c,e) . The glycine-rich region did not seem to stabilize DHFR against spontaneous global unfolding because DHFR's resistance to degradation by the ATP-independent protease proteinase K was unaffected (40) . Judging from the size of the fragment formed, degradation stopped ~40 residues before the DHFR domain, just as occurs when DHFR is stabilized with methotrexate (Fig. 4e) , implying that the protease stalled because it was unable to unfold the DHFR domain. Similarly, degradation by ClpXP was stopped by insertion of a glycinerich region in front of a folded domain (barnase) (Fig. 4d, f) . This inhibition did not seem to be specific to the identity of amino acids in the simple sequence region, because replacing the glycine-rich region with serine-rich and asparagine-rich regions also inhibited ClpAP mediated degradation (Fig. 4e) . However, we cannot rule out a model in which ClpP is unable to digest regions of low complexity amino acids.
Steady-state ATP hydrolysis rates for different proteases. To gain insight into the biochemical mechanism by which these proteases attain their wide range of unfolding abilities, we compared the rates of ATP hydrolysis for different proteases. Nucleotide hydrolysis by most ATP-dependent proteases has been characterized earlier (14, 30, 55, (71) (72) (73) (74) (75) (76) . We determined the steady-state kinetic parameters for ATP hydrolysis using a coupled spectrophotometric assay (45, 46) . Assays were performed under the degradation assay conditions in the presence of saturating concentrations of a nonspecific protein substrate. The ATPase rates as a function of nucleotide concentration fitted well to the Michaelis-Menten equation (Fig. 5a) . The maximum rates of ATP hydrolysis (Fig. 5b, Table 2 ) for the proteases did not correlate with their unfolding abilities. For example, Lon and FtsH are weak unfoldases but have robust (Lon, k cat = 288 min -1 ) and moderate (FtsH, k cat = 42 min -1 ) ATP hydrolysis rates. In contrast, the 26S proteasome has a strong unfolding ability but a moderate ATP hydrolysis rate (k cat = 72 min -1 ). The ATPase rates of the two component prokaryotic proteases ClpAP, ClpXP, HslUV, and PAN/20S seem to correlate with their unfolding abilities for C-terminally targeted substrates (R = 0.97; Fig. 5b inset) , but the relationship does not hold for degradation from the N-terminus because of HslUV's strong unfolding ability under these conditions.
Discussion
A conserved protein unfolding mechanism among ATP-dependent proteases. ATP-dependent proteases unfold and degrade proteins sequentially in N-to-C or C-to-N directions (11, 53, 58, 59 ). This behavior had been known for the eukaryotic 26S proteasome, ClpAP, ClpXP, HflB (FtsH) and Lon (24, 30, 49, 54, (56) (57) (58) 77) and we show here that the archaebacterial proteasome and HslUV also function similarly. Thus, representatives from all classes of ATP-dependent proteases function by the same overall mechanism. This sequential degradation causes folded domains to be unraveled by the proteases in a process that is different from the global unfolding process induced by heat or denaturant (24, (78) (79) (80) , and the substrate's resistance to unraveling depends on the local structure of the protein near the targeting signal but not the overall thermodynamic stability (24, 55, 81) . Unfolding by unraveling appears to be particularly effective because this unfolding mechanism can overcome the frequently high cooperativity of global unfolding.
Unfolding
abilities and substrate selection.
Despite the common degradation mechanism, the unfolding abilities of ATPdependent proteases differ by more than two orders of magnitude. ATP-dependent proteases select proteins for destruction primarily by recognizing amino acid sequences in substrate proteins. However, these targeting preferences are often broad and overlapping. The wide range of unfolding abilities of ATP-dependent proteases may provide an additional mechanism for substrate selectivity. ATP-dependent proteases perform two broad roles in cellular metabolism: they control the concentrations of many specific regulatory proteins, which have to be removed specifically at given times, and they degrade misfolded or damaged proteins as well as subunits that have not been incorporated into their cognate complexes. Proteases with weaker unfolding abilities likely selectively degrade misfolded and loosely folded polypeptide chains while avoiding more stable native proteins and assembled complexes, independent of conventional targeting signals. In contrast, proteases with stronger unfolding abilities are able to degrade regulatory proteins in their native, structured and thus functional state when they are targeted for destruction.
The observation that unfolding abilities seem to be conserved among related proteases agrees with the suggestion that the magnitude of the unfolding strength may play a meaningful biological role. The hierarchy of protease unfolding abilities is conserved for two domains to be unfolded, either mouse or E. coli DHFR, and, with the exception of HslUV, for degradation in both directions along the substrate. Degradation from the N-or C-terminus presents different structures to the protease and is similar to presenting the protease with different domains. Therefore, it appears likely that the relative unfolding abilities found in this model system are conserved among all or most protease substrates. However, we cannot rule out the possibility that certain proteases have evolved to unfold and degrade specific proteins or structural classes of proteins.
The strongly unfolding proteases: the proteasome and Clp proteases. The unfolding abilities of ClpAP and ClpXP are among the strongest within the prokaryotic proteases. The two proteases are responsible for the majority of degradation of regulatory proteins in prokaryotes (3, 82, 83) , and many of their substrates are stably folded. Thus, their unfolding ability appropriately fits their cellular roles in protein destruction. The eukaryotic 26S proteasome has the strongest unfolding ability of all the proteases we have investigated, and again one of its primary functions is to degrade regulatory proteins.
The relationship between unfolding ability and substrate selection suggests that the proteases with stronger unfolding abilities would require pronounced preferences in target recognition to function selectively.
Indeed, the eukaryotic proteasome works together with an exquisitely specific targeting system: the large majority of substrates are targeted to this protease by modification with ubiquitin (20) . ClpAP and ClpXP also function with well-defined targeting systems. Both proteases can use targeting factors (adaptors) (e.g., ClpS for ClpA (84) and SspB for ClpX (18, (85) (86) (87) ), which deliver substrates to the protease without themselves being degraded. In addition, both ClpAP and ClpXP recognize some well-defined primary targeting sequences directly. For example, ClpXP recognizes proteins tagged with the ssrA peptide without the help of an adaptor (11, 15) . However, some experiments suggest that ClpAP also degrades proteins containing unfolded regions but lacking specific tag sequences (7, 22) and that ClpXP recognizes a large number of only weakly defined consensus sequences (11) . In these examples, the unfolding ability likely has a diminished role in specificity.
The weakly unfolding proteases: Lon and FtsH. Lon, from either yeast or E. coli, exhibits a substantially weaker unfolding ability than Clp proteases and the eukaryotic 26S proteasome (> 30-fold smaller unfolding ability compared to ClpAP). Lon is conserved from bacteria to humans and is responsible for the rapid degradation of misfolded and oxidized proteins (21, (88) (89) (90) (91) (92) . Its expression is increased in response to stress when aberrant polypeptides accumulate (93) (94) (95) .
Lon's weak unfolding ability is consistent with the protease's role in protein quality control, allowing the protease to be selective towards misfolded and naturally unstable substrates, and avoiding degradation of stable native proteins. Lon probably recognizes nonnative polypeptides through unfolded regions in the substrates that serve as degradation tags (92) .
However, disordered regions are relatively common even in native proteins so that recognition of unstructured regions by the protease can lead to the nonspecific elimination of functional proteins (96, 97) .
Lon may avoid degrading aberrantly targeted native proteins simply because it is unable to unfold them. This strategy may also assist in the selective elimination of unassembled subunits of multiprotein complexes such as the α-, β-, and γ-subunits of the F 1 -ATPase, the α-subunit of matrix processing peptidase (MPPα) and free ribosomal subunits (98-100). Thus, increasing the expression of a protease with weak unfolding ability such as Lon may ensure efficient degradation of aberrant and unstable substrates without adversely affecting the concentration of other folded proteins.
FtsH possesses the weakest unfolding ability among all AAA proteases, in agreement with the earlier findings of Herman and coworkers (30) . Natural substrates of FtsH include damaged and uncomplexed forms of many membrane proteins, including SecY, YccA and PhoA (101,102) but also many short-lived transcription factors, including E. coli σ 32 , bacteriophage λ CII, CIII and Xis (103, 104) . If Lon and FtsH both select substrates at least in part based on their thermostability, the two proteases may have common targets and, indeed, they both degrade the lambda phage protein Xis (103) (104) (105) . A similar overlap is observed in yeast mitochondria where the FtsH like protease Yta10/12 and Lon both degrade a model substrate (90) . Interestingly, it has recently been reported that in Mycoplasma species, which lack AAA proteases other than Lon and FtsH, Lon has evolved the ability to unfold very stable proteins, suggesting that having a strong protease is indispensible (106) .
HslUV protease does not fall neatly into the two groups of proteases discussed above: it is less effective than ClpAP and ClpXP at unfolding proteins from their C-termini and more effective than either at unfolding proteins from their Ntermini. Some earlier findings appear to agree with these observations as HslUV, in contrast to ClpAP and ClpXP (50, 58) , cannot degrade C-terminally targeted GFP and maltose binding protein (MBP) (107, 108) but is able to degrade the stable I27 domain of titin when degrading from the N-terminus (63) .
Role of chaperones in unfolding. We measured Lon's unfolding ability in an environment that is close to the physiological situation and compared it to purified Lon. Purified Lon and Lon inside mitochondria show the same ability to unfold soluble proteins, suggesting that accessory factors are not general activators of Lon. Hsp70 and Hsp78 chaperones were previously shown to cooperate in Lon-dependent degradation of substrates prone to aggregation in yeast mitochondria (21, 90, 91) . Chaperones can prevent substrates from aggregating; thus, their primary function may be to assist in degradation by keeping substrates soluble and accessible to the protease.
Protein processing. A weak unfolding ability may have a second physiological function in addition to affecting substrate selection. The weaker unfolding ability of some proteases leads to the incomplete degradation of our model substrates and partial degradation may also occur naturally. One example could be the role of Lon in the production of active maturase enzymes, which are splicing factors that catalyze the removal of introns from mitochondrial-encoded genes. Maturase is synthesized from the unspliced pre-mRNA as a larger precursor protein (109) , which is subsequently processed by Lon protease (110) . Maturase-dependent splicing is impaired specifically when Lon is inactivated (111). Thus, it is possible that Lon functions in this process by degrading the polypeptide tail while the maturase domain itself is protected from proteolysis because it cannot be unfolded by Lon.
Biochemical basis of the different unfolding abilities. The unfolding strength of a protease is determined by the competition between the forward translocation and unfolding step and the dissociation step (Equation 1 ).
The dissociation rates are governed by the interaction of protease and substrate. Similarly, if unfolding is caused mechanically by a conformational change in the proteases that is transmitted to the substrate (7, 112) , the affinity of the interaction between substrate and protease can be related to the unfolding strength. In both cases tighter substrate binding leads to stronger unfolding.
The proteases investigated here display similar unfolding strengths for several substrates (Fig. 4b) suggesting either that the proteases interact with different amino acid sequences with similar affinities or that dissociation rates do not limit unfolding. However, there are also striking and surprising sequence effects. The apparent unfolding abilities of ClpAP and ClpXP were decreased when the proteases were interacting with their substrates through several stretches of simple amino acid compositions (Fig. 4c-f) . Such simple sequences are common in both eukaryotic and prokaryotic genomes (113) and it will be interesting to determine how they affect protein homeostasis. It has been shown that simple sequences play an important role in the regulation of two eukaryotic transcription factors by leading to their partial degradation by the proteasome (40) . Similar mechanisms may exist in prokaryotes.
The forward rate of degradation (Scheme 1) depends on the ATP-hydrolysis reaction (14, 30, 55, 73, 114) .
For example, ClpXP can hydrolyze the ATP analogue ATPγS but does so much more slowly. ClpXP can also degrade unfolded substrates in the presence of ATPγS, and the degradation rate is reduced proportionally with the nucleotide hydrolysis rate (114). ATPγS does not support the degradation of folded proteins by ClpXP (114) . The correlation between nucleotide and protein hydrolysis does not seem to extend to comparisons of more distantly related proteases and those of different architectures. For example, Lon is a poor unfoldase but hydrolyzes ATP relatively rapidly (k cat = 288 min -1 ), whereas the eukaryotic proteasome has the strongest unfolding ability but hydrolyzes ATP relatively slowly (k cat = 72 min -1 ). For degradation from the C-terminus, the unfolding abilities of ClpAP, ClpXP, PAN/20S and HslUV, all of which have a similar simple two-component architecture, correlate with their maximum ATP hydrolysis rates (Fig. 5b inset) . This relationship breaks down when degradation from the N-terminus is included because of HslUV's strong unfolding ability in this direction. Thus, it appears that differences in the details of substrate-protease interaction or the mechanism by which ATP-hydrolysis is coupled to translocation and unfolding lead to the observed differences in unfolding ability. For example, components of the eukaryotic 19S assembly might allow the ATPase subunits to be more highly coupled to unfolding than in simpler bacterial proteases, allowing greater force to be applied per ATP hydrolyzed.
Further, the single subunit architecture of Lon and FtsH, in which each polypeptide contains both the ATPase and protease domain, might change the way force is transmitted to the substrate.
In summary, we find that the unfolding abilities of ATP-dependent proteases range over several orders of magnitude and propose that a protease's ability to unfold protein domains contributes to its specificity of substrate selection. Thus, a protein's lifetime in the cell is determined both by the presence and strength of a targeting sequence and by its susceptibility to unfolding by a protease. Table 1 Unfolding ability measured for barnase-DHFR substrates. Unfolding ability measurements were performed as described and the values are represented as means ± SEM from at least three repeat experiments. a ClpAP completely degrades DHFR (mouse) in these constructs when targeted through either N-or C-terminus. b At 30 ˚C FtsH failed to degrade proximal barnase domain when targeted through C-terminus making unfolding ability measurements impossible. Relationship between unfolding ability and maximum ATP-hydrolysis rates for substrates targeted through C-terminus. The plot shows the ATPase rate at 4 mM ATP. Unfolding abilities of ClpAP, ClpXP, PAN/20S and HslUV correlate well with the proteases maximum ATP-hydrolysis rates (inset). The unfolding ability values are for substrates targeted through C-terminus.
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